INTRODUCTION
Functional genomics is increasingly being applied to the study of the CNS and neurodegenerative disease (Parikshak et al., 2015) . Such studies provide inroads into defining the molecular settings of different regions and across different cell types within the CNS. Yet delineation of disease transcriptional signatures, i.e., elucidating which alterations in gene expression contribute to a disease process, remains a challenge. Distinguishing changes in expression that drive disease progression from those that are a result of disease, as well as identifying protective pathways whose activation mitigate disease, are critical for revealing potential therapeutic targets.
Among inherited neurodegenerative diseases are those caused by expansion of a CAG nucleotide repeat encoding a stretch of glutamines in the protein, the polyglutamine (polyQ) diseases. The polyQ neurodegenerative disease spinocerebellar ataxia type 1 (SCA1) is a lethal, progressive, autosomal dominant disorder caused by a CAG expansion in the Ataxin-1 (ATXN1) gene (Orr et al., 1993) . SCA1 patients typically display loss of coordination of the limbs and trunk, unstable gait, dysarthria, and nystagmus (Klockgether, 2011) . A prominent and consistent SCA1 pathological feature is the loss of cerebellar Purkinje cells (PCs) (Koeppen, 2005) .
Several conserved sequence motifs in the ATXN1 protein, as well as cellular molecules that interact with ATXN1, indicate that ATXN1 functions in the nucleus as a regulator of transcription and RNA processing. One such motif is the ATXN1/HBP1 (AXH) domain, residues 567-689 that fold into an OB-fold, forming putative RNA-binding and protein-protein interaction surfaces (Yue et al., 2001; de Chiara et al., 2003; Chen et al., 2004; Kim et al., 2013a) . Several transcription regulators including SMRT (Tsai et al., 2004) , Gfi-1 (Tsuda et al., 2005) , Capicua (Lam et al., 2006; Kim et al., 2013a) , and the Rora/Tip60 complex (Serra et al., 2006; Gehrking et al., 2011) interact with ATXN1 via its AXH domain. Importantly, polyQ expanded ATXN1 lacking the AXH domain is no longer pathogenic (Tsuda et al., 2005) .
Toward the C terminus from the AXH domain is another stretch of highly conserved overlapping sequence motifs in ATXN1. Among these are a nuclear localization signal (NLS) at amino acids 771-774, the function of which is required for pathogenesis (Klement et al., 1998) , and a phosphorylation site at Ser 776 (S776) (Emamian et al., 2003; Huttlin et al., 2010) . Placing a non-phosphorylatable Ala at position 776 renders ATXN1 [82Q] nonpathogenic (Emamian et al., 2003) , likely by enhancing the clearance of ATXN1 (Jorgensen et al., 2009) , and perhaps by decreasing the interaction of ATXN1 with RBM17, a splicing factor (Lim et al., 2008) . While the extent to which an Asp at position 776 mimics phosphorylation is unclear (de Chiara et al., 2009) , placing an Asp at this position enhances ATXN1/RBM17 interaction and PC pathogenesis of ATXN1 [82Q] and transforms wildtype ATXN1[30Q] into a pathogenic protein (Lim et al., 2008; Duvick et al., 2010 Thus, these mouse models provide a means by which to identify pathways associated with a crucial aspect of SCA1, the progressive loss of PCs from the cerebellar cortex. 
RESULTS

Overview of ATXN1 Mouse Lines and Data Production
To identify cellular pathways contributing to SCA1-like disease in the cerebellum of ATXN1 transgenic mice, we used RNA-seq to profile expression. Mice utilized had ATXN1 transgene expression directed specifically to PCs using an 850 bp portion of the 5 0 upstream region from the Pcp2/L7 gene (Vandaele et al., 1991; Burright et al., 1995) . Transgenic lines used included previously described ATXN1[82Q] (line BO5, expressing ATXN1 with a pure (CAG) 82 repeat tract) and ATXN1[30Q] (line AO2, expressing ATXN1 with an interrupted (CAG) 12 -CAT-CAG-CAT-(CAG) 15 repeat tract) (Burright et al., 1995) , along with ATXN1[30Q]D776 (line 2) mice that express ATXN1 with an unexpanded human polyQ 30-repeat tract, (CAG) 12 -CAT-CAG-CAT-(CAG) 15 , and a potentially phospho-mimicking Asp residue at position 776 (Duvick et al., 2010 (Clark et al., 1997) . In the case of ATXN1[30Q] mice, cerebellar RNA was isolated from 5-week-old animals. Cerebellar RNA samples had RINs ranging from 7.9-9.3 with an average RIN of 8.7 (Table S1 ). Using three biological replicates/genotype, a total of 1.5 billion paired-end reads were generated with a minimum of 27.5 million reads/ genotype at each age. Following data quality control and prepping, the samples were mapped to the UCSC mm10 mouse annotated genome. Between 70%-90% read pairs were correctly mapped, with most samples having a greater than 80% mapping efficiency.
Overview of Cerebellar Gene Expression Changes in ATXN1 Mice
As a first step in analysis of the ATXN1 mouse cerebellar RNAseq data, we performed a principal component analysis (PCA) ( Figure 1A ). This analysis showed that data tended to cluster into three broad groups correlating with disease status. One large cluster included all samples from 5-week-old ATXN1 transgenic animals (ATXN1 (Duvick et al., 2010) .
We next evaluated RNA-seq data in pairwise comparisons using CuffDiff2 (Trapnell, et al., 2012) . Upon comparing ATXN1 [82Q] and ATXN1[30Q]D776 cerebellar gene expression data with WT at 5, 12, and 28 weeks of age, similar to previous results (Crespo-Barreto et al., 2010; Lin et al., 2000; Serra et al., 2004) (Zhang and Horvath, 2005; Langfelder and Horvath, 2008) . This allowed identification of gene sets whose expression significantly correlated with one another across the three ages. Nineteen modules were detected with two, Magenta and Lt Yellow, being highly significantly associated with ataxia (t test, adjusted p values of 8e-09 and 1e-06, respectively) ( Figure 1B and Tables S2 and S3).
As a means of identifying key genes and pathways in the two ataxia-associated WGCNA modules, we generated connectivity diagrams depicting genes with the highest connectivity (hubs) within each network. For the Magenta Module, all hub genes were downregulated in ATXN1 [82] and ATXN1[30Q]D776 cerebella relative to WT. Of the ten most connected hub genes (Figure 2A) , all are highly expressed by PCs with nine being expressed exclusively by PCs ( Figure S2 ). Moreover, eight of the most connected hubs encode proteins involved in signal transduction (Table S4 ). In contrast, Lt Yellow network hub genes included downregulated and upregulated genes (ATXN1 [82Q] and ATXN1[30Q]D776 cerebella relative to WT) and included genes encoding proteins with a variety of functions (Figure 2B and below) .
To further query the ataxia associated WGCNA gene Modules for biological meaning, we performed Ingenuity Pathway Analysis (IPA). IPA of the Magenta Module revealed ATXN1 to be the most significant (p value of 5.91e-08) upstream regulator of this module (Table S5 ), indicating that changes in Magenta Module gene expression are linked to ATXN1. IPA further showed that the most significant canonical pathways were all signaling pathways. The two most significant were synaptic long-term depression (p value 1.49e-05) and glutamate receptor signaling (p value 2.7e-04) (Table S2), both of which have previously been implicated in pathogenesis of SCA1 and other ataxias (Serra et al., 2004; Carlson et al., 2009; Schorge et al., 2010) .
IPA of the ATXN1 mouse cerebellar Lt Yellow Module revealed canonical pathways and upstream regulators not previously implicated in SCA1 or other neurodegenerative diseases (Table  S5 ). The most significant IPA pathway was the planar cell polarity (PCP) signaling pathway (p value of 1.45e-04). PCP signaling is a noncanonical pathway in which some members of the Wnt family activate a b-catenin-independent pathway well known for its role in the organization of cell sheets during development, particularly in Drosophila. However, it is becoming evident that PCP signaling also is a critical regulator of neural functions, including axonal guidance, dendrite maturation, stem cell development, and neuron survival (Tissir and Goffinet, 2013) . The most significant (p value of 1.123e-04) upstream regulator of the Lt Yellow Module identified by the IPA was the Jun-protooncogene-D transcription factor (JunD).
A detailed assessment of the coexpression pattern of RNAs across the two disease-associated mouse SCA1 WGCNA cerebellar modules was summarized with a single representative expression profile, the eigengene (Figure 3 ). Consistent with earlier work showing that ATXN1 with an expanded polyQ tract largely mediates downregulation of genes (Lin et al., 2000) , the Magenta eigengene was lower at all ages in the ATXN1 transgenic lines that develop ataxia, ATXN1[82Q] and ATXN1[30Q]D776, compared to WT cerebella ( Figure 3A Lt Yellow Module has a more substantial representation of genes expressed by multiple cerebellar cell types (Table 1) . First, the Magenta Module showed highly significant overlap (p value of 4.5e-16) with the cerebellar M6D WGCNA module identified from human brain microarray data (Oldham et al., 2008) . Oldham et al. found that M6D is comprised largely of genes differentially expressed by PCs relative to other cerebellar cell types. Of the ten strongest members of M6D, four genes overlapped with the Magenta Module-including Calb1 (the strongest member of M6D), Itpr1, Plxdc1, and Pcp4. In total, 19 genes overlapped between the human cerebellar M6D network and the mouse Magenta Module (Table 1) . Of the 342 genes in the mouse ATXN1 cerebellar Magenta Module, 94 (Table 1) were among RNAs whose translation is enhanced in PCs (Doyle et al., 2008) . The Lt Yellow Module, in contrast, had no genes that overlapped with the human cerebellar M6D Module and only one gene, lysophosphatidylglycerol acyltransferase 1 (Lpgat1), encoding RNA with enhanced PC translation (Tables 1  and S3) .
To assess the cerebellar cellular expression pattern of genes within the Magenta and Lt Yellow Modules, in situ hybridization (ISH) data from the Allen Brain Atlas was utilized (http://www. brain-map.org/; Lein et al., 2007) . This analysis revealed PC exclusive expression for 175 Magenta Module genes and 52 genes showing expression in multiple cerebellar cell types (Table  1 and Figure S2 ). To identify genes most strongly correlated with the eigengene expression in the most severely affected mice, we identified the 79 genes of the Magenta Module where the absolute value of their correlation with the eigengene for ATXN1 [82Q] samples across all time points was 0.9 or greater. Of these genes, 61 (77%) had evidence of a PC-enriched pattern of expression and 16 were expressed by a wider range of cerebellar cell types. Of the 35 Lt Yellow Module genes, 11 genes showed PC exclusive expression by ISH, eight with PC enriched expression, and eight were equally expressed in multiple cell types. The number of genes in the Magenta Module whose expression was exclusive to PCs was 5.6-fold greater than the number of genes whose expression was distributed more uniformly among multiple cerebellar cell types (Table 1) .
In contrast, analysis of the cerebellar cellular expression pattern of Lt Yellow module genes revealed that genes with a PC-exclusive pattern of expression was only 1.4-fold greater than those expressed to a similar degree by other cerebellar cell types (Table 1 and Figure S3 ). Thus, compared to the Lt Yellow Module, the relative number of genes within the Magenta Module expressed specifically in PCs was considerably greater. Based on these data, we conclude that the Magenta Module is enriched for genes preferentially expressed by PCs while a greater proportion of Lt Yellow Module genes are expressed more widely by multiple cerebellar cell types.
The Disease-Associated WGCNA Magenta Module Is Enriched for Genes Regulated by ATXN1 Interacting Protein Cic Among the ATXN1 protein interactors identified to date are several regulators of transcription including the Capicua homolog (Cic), SMRTER, GFI-1, and RORa/Tip60 (Tsai et al., 2004; Tsuda et al., 2005; Lam et al., 2006; Gehrking et al., 2011) . To examine whether genes of the Magenta and Lt Yellow Modules might be regulated by these ATXN1-interacting transcriptional factors, we extracted sequences 2.0 kb upstream of the transcription start site of each gene in the Magenta and Lt Yellow Modules from the hg19 human genome reference and assessed for de novo motifs using MEME, DREME, and CentriMo (Machanick and Bailey, 2011). De novo motifs identified were compared with known motifs in the JASPAR and UniPROBE databases. RORa/Tip60 and Gfi-1 binding motifs were not significantly enriched in the upstream regions of Magenta or Lt Yellow genes. Cic and SMRT binding motifs were not in these databases. However, we were able to screen for two known Cic binding motifs, TGAATGAA and TGAATGGA (Kawamura-Saito et al., 2006) . As a control, each upstream sequence was randomly shuffled and screened for the binding motifs. The results showed that a highly significant number of Magenta Module genes have either one or both of the Cic binding motifs TGAATGAA and TGAATGGA in their upstream region with p values of 2.73e-12 and 5.85e-10, respectively (Tables 2 and S6 ). Analysis of Lt Yellow Module genes revealed that only the number of TGAATGGA motifs reached significance with a p value of 0.005 (Table 2) . From these results, we conclude that the Magenta Module is enriched for genes whose expression is regulated by the ATXN1-interacting transcription factor Cic. Figure 4B ). Of these 32, two, cholecystokinin (Cck) and collagen, type XVIII, alpha 1 (Col18a1), had expression levels of R3.0 FPKM and were Figure 4C ). To assess whether Cck has a role in cerebellar function/ dysfunction, we first assessed Cck À/À mice (Lay et al., 1999) for altered cerebellar morphology and neurological status. By calbindin immunostaining, at 20 weeks and 1 year of age, PCs in Cck À/À mice were indistinguishable from those in agematched WT mice ( Figure S5A ). While Cck À/À mice showed no loss of PCs out to 1 year of age in Cck À/À cerebella ( Figure S5B ), there was a slight and significant decrease in thickness of the cerebellar molecular layer between 20 weeks and 1 year of age ( Figure S5C ). In addition, qRT-PCR analysis revealed a significant reduction in expression of a PC marker calbindin (Calb) in cerebellar RNA from 1-year-old Cck À/À mice ( Figure S5D mice that showed no progression in molecular layer atrophy between 20 weeks and 1 year of age ( Figure 5B (Rong et al., 2004; Doyle et al., 2008) , a point further supported by ISH data from the Allen Brain Atlas ( Figure S6 ). Cck, a prohormone, is processed to active peptides whose actions are mediated by two G protein coupled receptors (Dufresne et al., 2006; Lee and Soltesz, 2011) , Cck1R and Cck2R (first designated as Cckar and Cckbr). ISH data indicate that Cck1r is the one expressed in the adult mouse cerebellum in a PC-enriched manner ( Figure S6 ). Given data presented here indicating that elevated Cck can protect PCs against disease progression to cell death coupled with the data that Cck1r is uniquely expressed in the mouse cerebellum by PCs, we speculated that the Cck protective effect in ATXN1[30Q]D776 mice is via the Cck1r. To test this, we crossed ATXN1[30Q]D776 mice with mice lacking either Cck1R or Cck2R. Consistent with the cerebellar cellular expression pattern of CckRs, ATXN1[30Q]D776 mice lacking Cck1R developed a progressive PC pathology as assessed by atrophy of molecular layer thickness ( Figures 6A and 6B ) and loss of PCs with age (Figure 6C) .
In contrast, ATXN1[30Q]D776/Cck2R
À/À mice showed the same lack of an age-dependent PC pathology as seen in ATXN1[30Q]D776 animals ( Figure 6 ). Based on these data, we conclude that lack of a progressive PC pathology in
ATXN1[30Q]D776 mice is due to the increased expression of Cck by ATXN1[30Q]D776
PCs and cleavage of the proCck into a secreted peptide that activates PC Cck1Rs.
DISCUSSION
We performed an unbiased and comprehensive cerebellar gene coexpression analysis using a panel of transgenic mouse models in which ATXN1 transgene expression was directed specifically to PCs, a prominent site of SCA1 pathology. Using cerebellar RNA-seq data obtained from mice with a disease that progressed from development of ataxia to death of PCs (ATXN1[82Q] mice) and from mice with a disease that failed to progress beyond development of ataxia (ATXN1[30Q]D776 animals), we demonstrated that the cerebellar transcriptome in ATXN1 mice was organized into 19 modules or networks of coexpressed genes. Of these, the Magenta and Lt Yellow modules, had expression patterns that significantly correlated with disease. Analyses of these two disease-associated gene Genes motif not present 14 27
The promoter sequences (2 kb upstream of TSS) of each gene in the two modules were extracted from human reference hg19 genome. Sequence Fasta files were used as input to the FIMO software (http://meme-suite. org/tools/fimo) to scan sequence database for matches to each motif. Occurrence of the two Cic motifs in promoter sequence and control sequence ( a randomized sequence for each gene in module) were counted. Fisher's exact test was used to measure the enrichment significance of the two motifs in Magenta and Lt Yellow modules. coexpression networks supported a conclusion that the Magenta Module provides a signature of suppressed transcriptional programs reflecting disease progression in PCs, while the Lt Yellow Module reflects transcriptional programs activated in response to disease in PCs. Additional analyses of the RNAseq data revealed that cerebella from mice with a non-progressive disease (ATXN1[30Q]D776 mice) uniquely expressed elevated levels of RNA from the neuropeptide gene cholecystokinin (Cck). Deletion of Cck or Cck1R from ATXN1[30Q]D776 animals converted disease from being non-progressive to one in which PC pathology progressed to cell death. These data reveal a Cck/Cck1R-mediated neuroprotective pathway(s) that might be exploitable as a therapeutic target.
While both the Magenta and Lt Yellow WGCNA Modules were robustly associated with disease, features of these networks indicate that they likely reflect distinct functions. Aspects of the Magenta Module support the concept that this module largely consists of changes in gene expression and pathways reflecting disease progression in PCs. First, a substantial proportion of the genes in the Magenta Module are genes with an elevated and often exclusive expression in PCs. Moreover, IPA of the Magenta Module revealed ATXN1 as the most significant upstream regulator of the Magenta Module. IPA also identified synaptic long-term depression (LTD) and glutamate receptor signaling as top canonical pathways for the magenta module, both of which have previously been implicated in the pathogenesis of SCA1 as well as other ataxias (Serra et al., 2004; Schorge et al., 2010) . Eigengene analysis of the Magenta Module revealed a modular expression showing a decreased pattern of expression relative to WT cerebellum at all ages with a dramatic decrease in expression as disease progressed from 5 to 12 weeks of age that remained low at 28 weeks of age. This is consistent with previous studies indicating that a major pathogenic effect of mutant ATXN1 is to cause a decrease in gene expression (Crespo-Barreto et al., 2010) .
Several studies support that interaction of expanded polyQ ATXN1 with the transcriptional repressor homolog of Drosophila Capicua (Cic) is a driver of cerebellar pathogenesis (Lam et al., 2006; Jafar-Nejad et al., 2011; Fryer et al., 2011) . Thus, finding that genes within the Magenta Module are significantly enriched for Cic binding motifs within their upstream regions supports the concept that this gene network is enriched for genes whose alteration in expression directly reflect a pathogenic action of mutant ATXN1 that drives SCA1 progression in PCs. However, IPA of the Magenta genes that contain Cic-binding motifs indicated that these genes did not cluster within a single functional pathway per se (data not shown). The finding that all of a subset of Magenta genes downregulated in affected ATXN1 transgenic mouse cerebella were also decreased in expression in Atxn1 2Q/154Q cerebellar RNA indicates that downregulation of genes in this module is common to PC disease across SCA1 mouse models, including one where mutant Ataxin-1 is widely expressed from its endogenous locus.
Previous work highlighted that intramodular hubs, genes highly connected to other genes within a trait-associated network, often provide novel biological insight (Langfelder et al., 2013) . Analysis of the Magenta Module revealed that all of its hubs corresponded to downregulated genes with a substantial proportion of the most highly connected hubs encoding components of signaling pathways (Figure 2 and Table S4 ). This suggests that with SCA1 disease progression, PCs acquire considerable perturbations of intracellular signaling pathways. Of note, one of the top highly connected hub genes is a member of the family of potent negative regulators of G-coupled receptors, regulator of G protein signaling 8 (Rgs8). Rgs8, was recently found to be downregulated in mouse models of SCA2 (Dansithong et al., 2015) , indicating overlap in signaling alterations among the SCAs. Another magenta downregulated hub gene having a Cic-binding site in its upstream region is Homer-3. Compared to genes in the Magenta Module, the proportion of Lt Yellow Module genes with enhanced or exclusive expression in PCs was considerably less. In addition, the Lt Yellow Module has a much higher proportion of genes expressed by multiple cerebellar cell types. IPA of the Lt Yellow Module identified JunD as the most significant upstream regulator with no evidence of ATXN1 as an upstream regulator of this Module. While the biological significance of JunD as an upstream regulator is not readily apparent, it is worth noting evidence for JunD having a role in glutamate-induced excitotoxicity in cerebellar granule neurons (Lidwell and Griffiths, 2000) . Likewise, IPA of the Lt Yellow Module identified PCP as its significant canonical pathway. While the PCP is typically viewed as a non-canonical Wnt signaling pathway with a critical role in the organization of cells and cell sheets during early embryonic development, the involvement of PCP genes in neuronal functions such as dendrite elaboration and neuron survival, are becoming increasingly apparent (Tissir and Goffinet, 2013; Liu et al., 2013) . In support of the PCP having a role in cerebellar function is the identification of a mutation in human PRICKLE1, which encodes a core PCP protein, causing progressive myoclonus epilepsy-ataxia syndrome (Bassuk et al., 2008) . Lastly, Lt Yellow genes were relatively devoid of Cic-binding motifs within their upstream regions.
Thus, we suggest that the Lt Yellow Module reflects secondary effects of expressing mutant ATXN1 in Purkinje cells-perhaps compensatory pathways in PCs as well as other cerebellar cell types activated in response to disease.
Of the several WGCNA studies reported utilizing expression data from patients with neurodegenerative disease, two of note in relation to our work are a WGCNA using data from brain and peripheral tissues of patients with ataxia with oculomotor apraxia type 2 (AOA2) and an analysis of brain expression data, including data from the cerebellum, from patients with C9orf72-associated and sporadic amyotrophic lateral sclerosis (ALS) (Fogel et al., 2014; Prudencio et al., 2015) . AOA2 is due to recessive mutations in the Senataxin (SETX) gene, while ALS4 is a juvenile form of ALS caused by dominant SETX mutations. The study by Fogel et al. identified two WGCNA modules specific to AOA2 and senataxin function, the Blue and Turquoise modules, respectively. There was no significant overlap of either of our two SCA1 disease-associated modules with the Turquoise senataxin function AOA2 WGCNA Module. There were 42 genes of the SCA1 Magenta Module that overlapped significantly (p value of 1.5e-3) with the Blue AOA2 transcriptional signature Module (Table S2) . Ten of the genes that overlapped between the SCA1 Magenta Module and the AOA2 Blue Module had evidence of being PC markers, supporting the concept of an overlap in PC functional alteration in AOA2 and SCA1. Another study of potential relevance to our SCA1 WGCNA is one that used frontal cortex and cerebellar expression data from C9orf72-ALSaffected brains (Prudencio et al., 2015) . In this study, the most disease-significant cerebellar MEpink Module was enriched for genes encoding components of neuron development, protein localization, and transcription pathways. Neither of the SCA1 disease-associated WGCNA modules showed overlap with the C9orf72-ALS MEPink WGCNA module, indicating that distinct cerebellar networks are affected in SCA1 and C9orf72-ALS.
ATXN1 mouse cerebellar RNA-seq analyses also revealed a substantial, unique, and PC-specific upregulation of cholecystokinin (Cck) RNA in Pcp2-ATXN1[30Q]D776 mice, in which PC disease is not progressive (Figure 4) . Cck, originally discovered in the gastrointestinal tract, is one of the most abundant neuropeptides having selective effects on specific cell types and synapses (Lee and Soltesz, 2011 mice resulted in a PC disease in which pathology now progressed to cell death. The natural ligand with the highest affinity for the Cck1R is Cck-8, an octapeptide cleaved from the C-terminal portion of Cck (Dufresne et al., 2006) . Thus, these results strongly support a model in which elevated Cck and its subsequent processing to a peptide that binds to Purkinje cell Cck1R in an autocrine manner underlies the lack of progressive Purkinje cell pathology in ATXN1[30Q]D776 mice. A similar neuroprotective role for another neuropeptide NPY in mouse models of SCA3/MJD was recently reported by Duarte-Neves et al. (2015) . Elucidation of a Cck/Cck1R pathway as being protective against a progressive SCA1-like PC disease has potential therapeutic implications. There are considerable in vivo data, including in humans, on the use of Cck1R agonists, peptides, peptoids, and small molecules, as satiety agents for the treatment of obesity disease (Asin et al., 1992; Cannon et al., 1996; Jordan et al., 2008; Wang et al., 2011) . We suggest that these data present a basis from which to examine Cck1R as a therapeutic target for preclinical modification of SCA1 cerebellar disease. 
RNA Isolation and Sequencing
Total RNA was isolated from dissected cerebella using TRIzol Reagent (Life Technologies) following the manufacturer's protocols. Cerebella were homogenized using an RNase-Free Disposable Pellet Pestles in a motorized chuck. For RNA sequencing, RNA was further purified to remove any organic carryover using the RNeasy Mini Kit (QIAGEN) following the manufacturer's RNA Cleanup protocol.
Cerebellar RNA from three biological replicates/genotype was isolated. Purified RNA was sent to the University of Minnesota Genomics Center for quality control, including quantification using fluorimetry (RiboGreen assay, Life Technologies) and RNA integrity assessed with capillary electrophoresis (Agilent BioAnalyzer 2100, Agilent Technologies) generating an RNA integrity number (RIN). All submitted samples had greater than 1 mg total mass and RINs 7.9 or greater (Table S1 ). Library creation was completed using oligo-dT purification of polyadenylated RNA, which was reverse transcribed to cDNA. cDNA was fragmented, blunt ended, and ligated to barcoded adaptors. Library was size selected to 320 bp ± 5% to produce average inserts of approximately 200 bp and size distribution validated using capillary electrophoresis and quantified using fluorimetry (PicoGreen, Life Technologies) and q-PCR. Libraries were normalized, pooled, and sequenced. 12 and 28 weeks ATXN1 [82Q] , ATXN1 [30Q]-D776, and WT/FVB samples were sequenced on an Illumina GAIIX using a 76 nt paired-end read strategy, while 5 week samples from these genotypes were sequenced on an Illumina HiSeq 2000 using a 100 nt paired-end read strategy. Data were stored and maintained on University of Minnesota Supercomputing Institute (MSI) Server.
Reads were aligned to mouse reference genome (mm10) with Tophat2 (Kim et al., 2013b) using mostly default parameters with two exceptions: mate inner distance and standard deviation were adjusted to the data and using a gene annotation model only looking for supplied junctions (mm10 gtf file from iGenomes). Reads were quantified using Cuffquant (Trapnell et al., 2010; Roberts et al., 2011) , and differential gene expression was determined with Cuffdiff2 using default parameters (Trapnell et al., 2012) . Genes/introns with a q % 0.05 were considered significant. Genome tracks were visualized with Integrated Genomics Viewer (Broad Institute). Results were graphed with CummeRbund (http://compbio.mit.edu/cummeRbund/; Goff et al., 2013) . Pathway and clustering analysis was completed with Ingenuity Pathway Analysis (Ingenuity Systems). Normalized expression values of all genes across all samples were prepared from Cuffquant results using Cuffnorm (Trapnell et al., 2010) . The iGenomes mm10 gtf contains both miRNAs and snoRNAs, which are too small to be accurately sequenced using standard RNA-seq library preparation and sequencing. Including these short transcripts in the expression data used for the PCA resulted in PCs driven by the extreme expression of a few miRNAs and snoRNAs. Expression data used in the PCA was re-quantified using Cuffquant and Cuffnorm after removing miRNAs and snoRNAs from the iGenomes gtf.
Expression Analyses
Gene expression analysis was carried out with the Tuxedo pipeline (Kim et al., 2013b; Trapnell et al., 2010) . Initial read quality was assessed using FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc) and reads trimmed to remove low quality 3 0 ends and adaptor contamination using Trimmomatic (Bolger et al., 2014) . Reads were aligned to mouse reference genome mm10 with Tophat2 (Kim et al., 2013b) using mostly default parameters with two exceptions: mate inner distance and standard deviation were adjusted to the data and using a gene annotation model only looking for supplied junctions (mm10 gtf file from iGenomes). Reads were quantified using Cuffquant (Trapnell et al., 2010; Roberts et al., 2011) , and differential gene expression was determined with Cuffdiff2 using default parameters (Trapnell et al., 2012) . Genes with a q % 0.05 were considered significant. Genome tracks were visualized with Integrated Genomics Viewer (Broad Institute). Results were graphed with CummeRbund (http://compbio.mit.edu/cummeRbund/; Goff et al., 2013) . Pathway and clustering analysis was completed with Ingenuity Pathway Analysis (Ingenuity Systems: RRID: SCR_008653). Normalized expression values of all genes across all samples were prepared from Cuffquant results using Cuffnorm (Trapnell et al., 2010) . The iGenomes mm10 gtf contains both miRNAs and snoRNAs, which are too small to be accurately sequenced using standard RNA-seq library preparation and sequencing. Including these short transcripts in the expression data used for the PCA resulted in PCs driven by the extreme expression of a few miRNAs and snoRNAs. As a result, the expression data used in the PCA was re-quantified using Cuffquant and Cuffnorm after removing miRNAs and snoRNAs from the iGenomes gtf.
WGCNA FPKM abundance estimates for all 27 samples were produced by CuffNorm (Trapnell et al., 2012) and were log 2 transformed (log 2 (FPKM+1)) for WGCNA analysis . The WGCNA R package (v. 1.41) was used to construct an unsigned gene coexpression network with a soft threshold power [beta] of 10. Nineteen modules were detected, including two that were significantly associated with ataxia (WT versus ATXN1[82Q] and ATXN1[30Q]D776 mice, t test, Bonferroni corrected p value < 1e-5). Data for Magenta and Lt Yellow modules was exported to Cytoscape (Shannon et al. 2003) for visualization. Network figures are limited to the top 20% of genes with the strongest network connections (the topological overlap threshold was raised until only 20% of genes remained). The network modules are color coded by the differential expression at week 12 as follows: green, significantly downregulated in B05 compared to FVB and in D30 compared to FVB; red, significantly upregulated in B05 compared to FVB and in D30 compared to FVB; gray, either not significant in either or both of the two comparisons, or the direction is different between the two (e.g., up in B05 compared to FVB but down in D30 compared to FVB, or vice versa). The size of the circles is scaled by the absolute value of the mean log2 fold change between B05 and FVB, and between D30 and FVB.
To identify genes in the Magenta Module that were most correlated with the sickest mice, we identified the genes that had a correlation of 0.9 or greater with the Magenta Module eigengene values for the ATXN1[82Q] mice across all time points (9 data points).
To compare the genes in the Magenta and Lt Yellow modules to modules from other published WGCNA analyses, we followed the procedure of Oldham et al. (2008) to conduct a hypergeometric test for significant overlap.
Histology and Immunostaining
Animals were anesthetized and transcardially exsanguinated with PBS (pH 7.4) and perfused using 10% formalin (30 mL). Brains were post-fixed overnight in 10% formalin and placed in PBS at 4 C before sectioning. Cerebella were sectioned into 50 mm sagittal sections using a vibratome. Epitopes were exposed using antigen retrieval by boiling sections four times for 10 s each in 0.01 M urea. Sections were blocked overnight in 2% normal donkey serum and 0.3% Triton X-100 in PBS. Subsequent staining was carried out in 2% normal donkey serum and 0.3% Triton X-100 in PBS. Anti-calbindin antibodies used were (Sigma-Aldrich Cat# C9848, RRID: AB_10115846) and rabbit (Sigma-Aldrich Cat# C2724, RRID: AB_258818) at a 1:250 dilution. Sections were incubated for 24 hr with primary antibodies at 4 C. Following incubation, sections were washed three times in PBS and exposed to secondary antibodies (Alexa Fluor 488 anti-muse, Cat# 715-546, RRID: AB_2340850 and Alexa Fluor 647 anti-rabbit Cat# 711-605-152, RRID: AB_2492288, Jackson Immunoresearch Labs) for 24 hr at 4 C. Sections were washed three times in PBS and mounted onto charged slides (Colorfrost Plus, Fisher). Fluorescently labeled tissue was imaged using a confocal Olympus 1000 IX inverted microscope.
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